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SUPPLEMENTARY INTRODUCTION 

 
 

While it is clear that variations in mRNA sequence play an important role in regulating 
protein expression in organisms from E. coli to humans, many different mechanistic hypotheses 
have been proposed to explain these effects1,2, and their influence on translation efficiency 
remains unclear and in some cases controversial.  Studies on several proteins3,4 and later 
genomic studies5-8 concluded that stable mRNA folding in the 5’ region (head) of a gene, but not 
downstream in the coding sequence, can attenuate translation in E. coli, presumably due to 
inhibition of the assembly of the 70S ribosomal initiation complex3,4.  However, no prior study 
has systematically quantified the influence of mRNA folding energy at all locations in a gene on 
protein-translation efficiency.  Furthermore, substantial uncertainty exists concerning the 
influence of synonymous codons on translation efficiency5-7,9-17, the mechanistic basis of such 
effects, and their relationship to mRNA folding effects3-8.  Ribosome-profiling studies concluded 
that the net translation-elongation rate is effectively constant for E. coli mRNAs, irrespective of 
codon usage10,15,18.  This finding challenges the assumption that differences in the translation rate 
of synonymous codons influence protein expression, an assumption underlying much of the 
codon-usage literature1,2,8,19-21, but no alternative mechanism has been proposed to explain the 
many experiments showing that changes in codon usage can produce dramatic alterations in 
protein expression2,11,22. 

 
Uncertainty furthermore exists concerning which codon-related properties are beneficial 

vs. detrimental for protein expression5-7,9-12,14-17.  For example, more homogeneous codon usage 
has been proposed alternatively to enhance9 or reduce23 translation efficiency.  Much of the 
codon-usage literature focuses on inefficient translation of a set of rare codons24 in the E. coli 
genome21,24,25, especially the AUA codon for ile12,26 and the AGA, AGG, and CGG codons for 
arg11,22,27,28.  On this basis, it is widely assumed that genomic codon-usage frequency, which 
parallels tRNA pool level25,29, influences translation efficiency and that infrequent codons are 
translated inefficiently11,12.  However, the expression of β-galactosidase30,31 and a fluorescent 
reporter protein5 are increased when the head of the gene contains the rare codons most cited as a 
barrier to translation.  This effect was interpreted to reflect tolerance for inefficient codon usage 
in the head to prevent stable mRNA folding that would attenuate translation5.  Although some 
computational5,7 and experimental31 studies support this interpretation, there has been limited 
mechanistic characterization of the influence or interplay of these parameters, and alternative 
theories16,32,33 suggest that, under some physiological conditions, rare codons can accelerate 
ribosomal decoding kinetics and thereby enhance translation efficiency via mechanisms 
unrelated to mRNA folding. 

 
The evolutionary biology literature focuses on a different correlate of genomic codon-

usage frequency, which is accuracy in protein synthesis14,34,35.  Biochemical studies suggest that 
more frequent codons should be translated more accurately because the levels of their cognate 
tRNAs are systematically higher, and competition from near-cognate tRNAs is the major cause 
of translational errors25,29,36.  Usage of more frequent codons is enhanced at more conserved sites 
in proteins17,35, presumably because more accurate translation37 at such sites promotes greater 
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evolutionary fitness14,38.  While lower frequency codons also could be translated less 
efficiently19, a systematic correlation between these parameters has yet to be demonstrated. 
 
 

SUPPLEMENTARY RESULTS 
 
 
Additional information on generation of the large-scale protein-expression dataset.   Proteins 
were transcribed from the bacteriophage T7 promoter in pET21, a 5.4 kb pBR322-derived 
plasmid harboring an ampicillin resistance marker39. We used a bacteriophage polymerase to 
drive transcription to minimize potentially confounding effects from the coupling of translation 
to transcription by the native E. coli RNA polymerase40,41.  Protein expression39 was induced 
overnight in chemically defined medium at 18 ˚C in E. coli strain BL21(DE3), which contains a 
single IPTG-inducible gene for T7 polymerase.  This strain also contained pMGK, a 5.4 kb 
pACYC177-derived plasmid that harbors a kanamycin resistant gene, a single copy of the lacI 
gene, and a single copy of the argU gene encoding the tRNA cognate to the rare AGA codon for 
arg.  All proteins were expressed with the same eight-residue C-terminal affinity tag (with 
sequence LEHHHHH) appended after the final amino acid in the native protein sequence.  
Technical details of the large-scale expression experiments are described in the Methods. 
 
 
Characteristics of highly expressed genes in the protein-expression dataset.   Protein 
expression tends to decrease when mRNA A/U/G/C content becomes non-uniform (Extended 
Data Fig. 2b-e).  The reading-frame dependency of these base-composition effects suggests that 
codon properties influence expression, an inference supported by strong correlations between the 
frequencies of some codons and protein expression level.  The GAA codon for Glu shows the 
strongest positive correlation, whereas the frequency of the synonymous GAG codon is 
equivalent for all expression scores (Fig. 1a,b,e).  The AUA codon for Ile shows one of the 
strongest negative correlations, whereas the synonymous AUU codon shows a weakly positive 
correlation (Fig. 1c-e).  These trends naïvely suggest differences in translation efficiency, but the 
multivariate statistical analyses below indicate their origin is more complex.  Nonetheless, some 
of these effects likely derive from differences in codon translation efficiency, including the 
strong expression-attenuating effect of adjacent AUA codon pairs (Extended Data Fig. 2f).  In 
contrast, expression level is not influenced by the Codon Adaptation Index21 (CAI), except for a 
modest decrease at the lowest ~10% of CAI values in our dataset (Extended Data Fig. 2g), and 
neither the tRNA Adaptation Index33 (Extended Data Fig. 2h) nor the frequency of AGGA15 
(Extended Data Fig. 2i-j), which matches the core of the Shine-Dalgarno ribosome-binding 
sequence, are significantly correlated with expression. 

 
The distributions of predicted mRNA folding energies42 show systematic differences 

between proteins with different expression scores.  Expression is attenuated by increasingly 
stable folding (i.e., decreasing partition-function free energy of folding42) in the first 48 
nucleotides in the coding sequence3,4, which we refer to as the head of the gene (Fig. 1h).  Our 
data calibrate this previously observed effect3,4,6-8 , showing an ~1/e reduction in the odds of high 
expression when folding energy in the head (ΔGH) reaches -15 kcal/mol.  The strength of this 
correlation is increased modestly by including the 5’-UTR or untranslated region (ΔGUH in Fig. 
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1f,h).  Unexpectedly, <ΔGT>, the average value of the predicted folding energy in the tail of the 
gene (i.e., nucleotide 49 through the last nucleotide preceding the C-terminal tag) shows a non-
linear influence, with both high and low values systematically attenuating expression (Fig. 1g,h).  
Although these observations suggest that excessively stable or unstable folding in the tail 
attenuates expression, analyses below indicate these effects also have more complex origins. 

 
Several global sequence parameters systematically vary with expression.  Very long or 

short proteins show lower expression (Fig. 1i-j).  Increasing codon (Extended Data Fig. 2m) or 
amino acid (Extended Data Fig. 2k-l) repetition rate (average frequency of recurrence) 
correlates with lower expression, as does higher statistical entropy in codon (Extended Data 
Fig. 2o) or amino acid (Extended Data Fig. 2n) sequence.  The amino acid repetition rate r is 
the most influential (Extended Data Table 1a) of these mutually correlated parameters, 
suggesting local repetition of the same amino acid may attenuate expression. 
 
 
Experimental dissection of the mRNA features controlling high-level protein expression.   To 
investigate whether codon usage in the tail can influence protein expression, we retained the 
native head sequences and optimized the codons exclusively in the tails of four genes using the 
6AA method (WTH/6AAT in Fig. 5b and Extended Data Fig. 6b).  Tail optimization increases 
expression of all four of these target proteins, although the extent of improvement varies 
substantially.  For SRU_1983, protein expression increased only slightly. However, the other 
target proteins showed either significant (SCO1897) or very large (RSP_2139 and APE_0230.1) 
increases in expression normalized to total cell protein, verifying the inference from our 
computational analyses that codon content in the tail can have a powerful influence on protein-
expression level. 

 
We also tested the relative influence of codon usage vs. mRNA folding in the head by 

constructing genes with identical tails but different heads that were codon-optimized using the 
31C method while either optimizing (31C-FOH with maximized ΔGUH) or deoptimizing 
(31C-FDH with minimized ΔGUH) their calculated free energies of folding (31C-6AAT constructs 
in Fig. 5b and Extended Data Fig. 6b.  The 31C-FO heads greatly improved expression of three 
of four proteins evaluated – RSP_2139, SRU_1983, and SCO1897.  The 31C-FO heads for these 
proteins combined with either native or 6AA-optimized tails produce similarly high levels of 
expression (Fig. 5b).  The only protein that did not show a significant improvement upon head 
optimization, APE_0230.1, is already expressed at an exceedingly high level when the tail is 
optimized while retaining the native head sequence.  

 
Deoptimizing head folding yielded different results for the four target proteins that 

paralleled their calculated free energies (Fig. 5b and Extended Data Fig. 6b).  There were large 
differences between these proteins in the lowest ΔGUH that could be achieved in synonymous 
heads constructed using the A/U-rich 31C codon set, providing another example of coupling 
between codon usage and more global physicochemical properties of mRNA sequences.  The 
most stably folded 31C-FD head (RSP_2139 with ΔGUH = -47 kcal/mol) eliminates the very high 
expression produced by the synonymous 31C-FO head (ΔGUH = -37 kcal/mol), verifying the 
conclusion from our modeling studies (Fig. 4 and Extended Data Table 1a) and prior literature 
that stable head folding can block protein expression.  The 31C-FD head for SRU_1983 
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(ΔGUH = -41 kcal/mol) also decreases expression compared to the synonymous 31C-FO head 
(ΔGUH = -34 kcal/mol). In contrast, the comparatively less stably folded 31C-FD heads for 
SCO1897 (∆GUH = -38 kcal/mol) and APE_0230.1 (∆GUH = -32 kcal/mol) produced equivalent 
expression to the synonymous 31C-FO heads (∆GUH = -29 kcal/mol and -27 kcal/mol for 
SCO1897 and APE_0230.1, respectively). However, the codon-optimized 31C-FD heads for 
SRU_1983 (∆GUH = -41 kcal/mol) and SCO1897 (∆GUH = -38 kcal/mol) both increased 
expression compared to less folded native heads (∆GUH = -34 kcal/mol and -35 kcal/mol for 
SRU_1983 and SCO1897, respectively), supporting our computational inference (Fig. 4, 
Extended Data Fig. 5, and Extended Data Table 1a) that codon content in the head can 
strongly influence protein expression. 

 
 

 
SUPPLEMENTARY DISCUSSION 

 
 
Use of heterologous genes to study mRNA sequence features controlling protein expression.   
The predominance of heterologous genes in our large-scale dataset has several advantages for 
interrogating the biochemical and physiological mechanisms controlling protein expression in E. 
coli.  First, experiments on heterologous genes should reduce or eliminate effects from 
gene/protein-specific regulatory systems in E. coli.  Second, taking genes from a variety of 
heterologous sources provides much greater diversity in sampling of codon-space than genes 
from E. coli or any other single organism, and, in practice, our dataset provided greater codon 
diversity than achieved in previous studies using synthetic genes to examine codon-usage 
effects5,6,15.  Finally, challenging the biochemical apparatus in a given organism with sequences 
that have not evolved under selective pressure in that organism should reduce the influence of 
parallel selective effects acting on sequential steps in a physiological pathway.  Parallel selection 
can create evolutionary surrogate effects in the form of significant sequence correlations that do 
not reflect a direct mechanistic effect.  Regulation of protein expression minimally involves the 
interplay of transcription, translation, RNA degradation, and protein degradation.  Endogenous 
E. coli genes are likely to have sequence features influencing some of these interconnected 
processes but not others, which can produce surrogate effects in analyses evaluating correlations 
between gene sequences and experimental outcomes.   
 

For example, sequence features enhancing transcription could be enriched in genes that 
are translated efficiently, because both efficient transcription and translation are needed to 
achieve high protein expression.  As explained in the main text, we used bacteriophage T7 RNA 
polymerase rather than the endogenous E. coli RNA polymerase to drive transcription to 
minimize the influence of transcriptional mechanisms on protein expression level.  However, a 
dataset comprising exclusively genes from E. coli or closely related organism could show 
statistical correlations between sequence features controlling transcription and protein expression 
level, even if those features do not directly influence expression in our experiments, because of 
the co-evolution of features controlling these sequential steps in the physiological protein-
expression pathway.  To the extent that there is divergence in the biochemical and physiological 
properties of the source organisms, evaluating the expression of heterologous genes in E. coli 
will reduce the influence of indirect sequence correlations and evolutionary surrogate effects of 
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this kind.  Therefore, only biochemical effects that are universally conserved among the diverse 
source organisms should produce strong surrogate effects in our experiments due to parallel 
selection for sequence features influencing sequential steps in the expression pathway. 

 
As discussed further below, disentangling sequence features influencing translation 

efficiency and mRNA stability is substantially more difficult than disentangling those 
influencing transcription, because both translation efficiency and mRNA stability influence 
protein expression level in E. coli even when transcriptional dynamics are identical.  Evaluating 
expression of proteins from heterologous proteins is more likely to reveal effects related to 
translation than mRNA stability, because nucleotide sequences evolve significantly more rapidly 
than protein sequences, and the translation machinery is believed to be more strongly conserved 
evolutionarily than mRNA decay systems.  Nonetheless, some of the sequence features 
controlling mRNA stability could be broadly conserved evolutionarily, and universally 
conserved biochemical mechanisms will influence statistical analyses performed on any dataset 
examining net protein expression level from naturally evolved genes, irrespective of the source 
of the gene sequences.  Therefore, mechanistically resolved in vitro follow-up experiments are 
required to verify any biochemical hypotheses derived from large-scale datamining studies. 

 
In the current paper, we performed such in vitro follow-up experiments on a set of 

synthetic genes designed using an algorithm derived from our computational analyses of the 
large-scale dataset that we generated using primarily heterologous genes to interrogate the 
biochemical and physiological mechanisms controlling protein expression in E. coli.  We 
designed genes for four heterologous proteins without E. coli orthologs to avoid effects from 
gene/protein-specific regulatory systems in E. coli.  We also designed a gene for the E. coli 
protein YacQ to verify that an endogenous protein gives consistent results.  All of these synthetic 
genes exhibit similar behavior in all of our biochemical assays, providing important support for 
the validity of our hypotheses concerning mechanisms underlying the control of protein 
expression in E. coli. 

 
Additional support for the success of our experimental strategy employing primarily 

heterologous genes to interrogate the mRNA sequence features controlling protein expression in 
E. coli comes from comparing the performance of our computational model on the 95 E. coli 
genes vs. the 6,253 heterologous genes in our large-scale dataset.  Our multiparameter 
generalized linear logistical regression model predicting high vs. no expression performs 
similarly on both sets of genes (data not shown).  The performance of the model is significantly 
better for the E. coli genes than the heterologous genes in the top expression category (p = 0.004 
for a 2-sided T-test for the distribution of predicted probabilities), even though they represent 
only ~1.5% of the dataset.  This result is consistent with our experimental approach being an 
effective way to capture fundamental features of E. coli biochemistry and physiology. 

 
 

Validation of inferences from computational modeling.   The foundation of the work reported 
in this paper is simultaneous multi-parameter computational modeling, which is a powerful tool 
because, in principle, it can resolve the relative influence of cross-correlated parameters (e.g., 
many pairs of parameters evaluated in Extended Data Fig. 3 including codon content and 
predicted RNA-folding energy42).  However, there can be noise in these estimates, and, as 
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discussed in the preceding section, the apparent influence of some parameters can reflect 
evolutionary surrogate effects, i.e., the “hidden” influence of cross-correlated sequence 
parameters not included in the analysis.  For example, if evolution constrains more highly 
expressed proteins to be more soluble, there could be a positive correlation between protein-
expression level and the frequency of codons for solubility-enhancing amino acids, even if these 
amino acids do not increase protein-translation efficiency.  These considerations reinforce the 
need discussed above to validate computational inferences using experiments that rigorously 
evaluate specific biochemical mechanisms.  Our in vitro translation experiments comparing 
native and computationally designed genes (Fig. 5c and Extended Data Fig. 6c) verify that the 
most influential mRNA sequence features identified in our multi-parameter computational model 
(Model M in Extended Data Table 1a and Figs. 3-4) directly modulate translation, ruling out 
substantial interference from statistical noise, hidden variables, surrogate effects, or other latent 
systematic errors. 

 
Although the experimental data presented in this paper strongly support the major 

conclusions from our computational modeling studies, the details of these studies require further 
validation, both to ensure their quantitative accuracy and to elucidate the underlying molecular 
mechanisms.  A high priority in this area will be to evaluate whether our new codon-influence 
metric (colored symbols in Fig. 3a) accurately describes the relative translation efficiencies of 
the different amino acids and the synonymous codons for the same amino acid.  The broad 
features of this metric are validated by the very strong correlations of its average value with 
global physiological protein and mRNA levels in vivo in E. coli (Fig. 6), but the differences in 
the values for some synonymous codon pairs (Fig. 3a) are not themselves statistically significant 
within our computational model (Model M in Extended Data Table 1a).  Protein expression 
experiments in vivo and high-resolution enzymological studies of protein synthesis in vitro43-46 
will be needed to critically evaluate the quantitative details of our new codon metric and to 
elucidate more clearly its mechanistic origin. 

 
 

Disentanglement of parallel selective effects operating on different biochemical process.   As 
discussed in the two previous sections, mechanistically resolved in vitro experimentation is 
essential to verify hypotheses attributing sequence correlations to a specific biochemical effect, 
because indirect evolutionary couplings and parallel selection operating on sequential steps in a 
pathway can create surrogate effects, i.e., significant sequence correlations in naturally evolved 
genes that do not reflect a direct mechanistic effect.  The failure to appreciate the importance of 
such effects pervades most prior literature on codon effects and likely accounts for significant 
biases and misinterpretations. These considerations highlight the importance of the in vitro 
transcription and translation assays using purified components that are presented in this paper, 
because these assays represent the most rigorous approach to verifying that the strong codon 
effects identified our in statistical analyses have a mechanistic effect on protein translation 
efficiency.  In contrast, most of the codon-efficiency metrics used in prior literature on this topic 
were not validated in biochemical experiments of this kind, meaning that they could potentially 
reflect in part indirect correlations. 

 
The well-known Codon Adaptation Index (CAI) is one example of such a metric.  The 

logic behind this metric is that the most highly expressed proteins should have efficiently 
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translated codons.  However, such proteins also need to be encoded by transcripts that are 
efficiently synthesized and resistant to mRNA degradation, so a metric like the CAI is likely to 
capture an unpredictable mixture of sequence features influencing all of the sequential process 
required to achieve high protein expression.  Notably, we observe that our new codon influence 
metric fully captures the influence of the E. coli CAI plus 7-fold additional deviance in our large-
scale protein expression dataset (Extended Data Table 1), but CAI captures about twice as 
much deviance as our new codon metric in preliminary modeling of the E. coli mRNA lifetime 
dataset presented in a recently published global profiling study47 (data not shown).  These 
observations suggest that the CAI may capture more directly mechanistic effects related to 
mRNA decay than translation.  In vitro experimentation of the kind presented in this paper is 
essential to bridge the gap between any observed evolutionary sequence correlations and reliable 
inferences concerning biochemical mechanism.  An extensive amount of additional in vitro 
experimentation will be required to follow-up on the results presented in this paper and sort out 
the nature and interdependencies of sequence features influencing transcription, translation, and 
mRNA degradation. 
 

Two recently published papers suggest that variations in synonymous codon usage 
influence mRNA decay rate in yeast48,49, echoing an important conclusion of the studies 
presented in this paper on E. coli.  One of these papers49 reports a correlation in Saccharomyces 
cerevisiae between mRNA lifetimes and a theoretical metric called the tRNA Adaptation 
Index33,50 (tAI), and it also reports single-parameter correlations between mRNA lifetimes and 
the frequencies of some codons.  We demonstrate in Fig. 3a and Extended Data Fig. 4b-c in 
this paper that single-variable analyses of this kind on our dataset yield misleading conclusions 
concerning the effects of many codons, because they are strongly biased by evolutionary 
surrogate effects caused by cross-correlations in the codon content of the genes (Extended Data 
Fig. 3).  We also demonstrate in our manuscript that the tAI for E. coli is minimally correlated 
with protein expression in our large-scale dataset (Extended Data Figs. 2h and 4g and 
Extended Data Table 1b).  While translational dynamics could have significant differences in 
yeast compared to E. coli, the tAI has not been demonstrated to influence translation efficiency 
in an in vitro system.  Given the complex interplay of mechanistic factors influencing sequence 
evolution, as discussed above, it will be import in the future to verify that the sequence features 
that correlate with changes in mRNA lifetime in yeast have parallel effects on translation 
efficiency assayed using in vitro translation reactions that decouple this process from other 
biochemical processes influencing protein expression level and mRNA stability in vivo. 

 
 

Possible mechanisms coupling codon content to mRNA level and lifetime.   Several molecular 
mechanisms could explain the observed correlations between codon content and in vivo mRNA 
concentration and lifetime in E. coli (Fig. 6).  We hypothesize they reflect a kinetic competition 
between protein elongation and mRNA degradation that is modulated by ribosomal elongation 
dynamics (i.e., the sequential binding and conformational processes involved in amino-acyl-
tRNA selection, peptide-bond synthesis, and tRNA/mRNA translocation).  The bacteriophage T7 
RNA polymerase used in our experiments synthesizes mRNA too rapidly for translating 
ribosomes to keep up, making the resulting transcripts insensitive to transcription-translation40,41.  
Therefore, our observation that inefficiently translated mRNAs produced by T7 polymerase are 
fragmented and have lower concentrations in vivo (Fig. 5d) is likely to reflect enhanced 



Boël et al. Codon influence tracks mRNA level in E. coli 

Page 9 of 15 in Supplementary Information	
	

degradation.  This reasoning, combined with the global correlations between sAll and mRNA 
levels (Fig. 6a-b) and lifetimes (Fig. 6c-d) in E. coli and the tendency of expression-attenuating 
codons to eliminate protein expression entirely in our large-scale dataset (Fig. 1a-e), suggests 
that mRNA degradation is controlled in part by ribosomal elongation dynamic51-55.  Several 
biochemical systems mediate recycling of ribosomes stalled due to protein synthesis/folding 
problems56 or mRNA truncation57.  In eukaryotes, this “No-Go” decay pathway involves the 
Dom34, Hbs158, and ABCE159 proteins, whereas in E. coli, similar activities are mediated by 
unrelated systems including the tmRNA pathway27,56,57, ArfA, YaeJ60, and RF327.  These 
prokaryotic mRNA quality-control systems are candidates to participate in the mRNA decay 
process that we hypothesize to be coupled to codon-dependent variations in ribosomal elongation 
dynamics.  Recent reports suggest a similar coupling exists in yeast48,49. 

 
 

A coherent model for the biochemical influence of synonymous codon variations.   Based on 
the data in this paper, we hypothesize that inefficiently translated codons attenuate protein 
expression in two distinct but interrelated ways, first by reducing translation efficiency and thus 
the yield of protein from an mRNA molecule, and second by enhancing the rate of degradation 
of that mRNA molecule40,51-53,61-63.  Inefficiently translated codons could also promote premature 
termination of mRNAs synthesized by E. coli RNA polymerase64,65, which would also lead to a 
reduction in steady-state concentration.  Overall, the steady-state level of each mRNA is 
controlled by a dynamic balance between its transcription-initiation rate, which should not 
depend directly on codon usage, and its premature transcription-termination and decay rates. We 
hypothesize that a significant influence of codon usage on the rates of the latter two processes 
creates the strong correlation that we observe between codon content and physiological mRNA 
levels and lifetimes in E. coli (Fig. 6). This proposed feedback between translation efficiency 
and mRNA level will amplify the influence of codon usage and perhaps also other translational 
regulatory phenomena on protein expression level, creating a physiologically important but 
heretofore under-appreciated linkage between translation efficiency and mRNA metabolism. 

 
It is worthwhile to compare this model to the results obtained in recent in vivo ribosome-

profiling experiments.  Such experiments conducted in E. coli have raised significant questions 
about the influence of codon usage on protein expression, because they have shown 
homogeneous occupancy of the mRNA within each open reading frame (ORF) and a strong 
correlation between the level of ribosome-occupied ORFs and the concentrations of the encoded 
proteins10,15.  These observations imply that ribosomes elongate proteins at a similar rate on most 
mRNA templates, irrespective of codon usage.  However, changes in synonymous codon usage 
can clearly modulate protein expression level in vivo1,2,5,8,11,18-20,22,27,33,51,52,66-72, and this 
phenomenon has been attributed in prior literature to codon-dependent variations in mRNA 
translation rate by ribosomes11,27,56,67,69,73,74.  This apparent inconsistency between contemporary 
genome-scale experimentation and a large body of prior literature in molecular biology remains 
unresolved.  The mechanistic model presented above helps to resolve this conundrum, because 
the inferred influence of codon usage on steady-state mRNA level can lead to a reduction in 
protein expression from an mRNA molecule irrespective of its translation-elongation rate.  As 
long as most ORFs are translated many times before experiencing an internal codon-dependent 
event that leads to very rapid processive mRNA degradation, this mechanism is consistent with 
relatively homogeneous ribosome occupancy within each ORF, as observed in the ribosome-



Boël et al. Codon influence tracks mRNA level in E. coli 

Page 10 of 15 in Supplementary Information	
	

profiling experiments10,15.  The level of each ribosome-occupied ORF captures the combined 
influence of the translation-initiation rate and the steady-state concentration of the corresponding 
mRNA, which is likely to explain the close correspondence between the concentration of each 
protein and the level of the ribosome-occupied ORF10,15.  Codon-dependent variations in mRNA 
degradation rate will reduce steady-state mRNA concentration, and this effect should be captured 
by existing ribosome-profiling data even though they do not show widespread codon-dependent 
variations in translation efficiency3,18. 

 
On the other hand, several considerations raise questions about the accuracy of this 

conclusion and the related ribosome-profiling data, including the results from our in vitro 
translation experiments on mRNAs from native vs. computationally optimized genes (Fig. 5c 
and Extended Data Fig. 6c).  These results reinforce a wide variety of results in previous 
literature1,5,11,12,40,51 that led to the general assumption that there are significant codon-dependent 
variations in translation-elongation efficiency.  Given the complexities of the biochemical and 
evolutionary processes that influence mRNA translation that are outlined above, carefully 
controlled experiments in vivo and in vitro will be required to achieve a reliable understanding of 
codon-dependent variations in translation efficiency and their relationship to mRNA stability.  It 
was widely assumed in prior literature that codon-dependent variations in translation efficiency 
are attributable to slower accommodation on the ribosome of tRNAs present at lower 
concentrations in the cell11,12,19,25,29, which causes slower execution of the translation-elongation 
cycle for the corresponding codons.  The lack of a significant correlation between our new 
codon-influence metric and tRNA pool levels (Extended Data Fig. 4h) raises questions 
concerning this mechanistic model and suggests that the stereochemical features and allosteric 
consequences of codon-tRNA interaction are likely to make important contributions to codon-
dependent variations in translation efficiency.  Future research will be needed to elucidate these 
effects and also to establish whether codon-related variations in mRNA level (Fig. 6a-b) are 
mediated by altered protection of mRNAs by translating ribosomes or instead by direct 
recruitment of RNases to ribosomes75 interacting with inefficiently translated codons or perhaps 
even by activation of an intrinsic RNase activity in the ribosome itself 76.  Therefore, the results 
reported in this paper highlight new problems to be investigated in addition to providing new 
insights and new tools for such studies that lie near the core of the central dogma of molecular 
biology. 
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